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VAU/  r.»«»UTION  STUDY  0F  proposed 

YAW  DAMPER  SYSTEMS  FOR  THE  B-58  AIRCRAF1 


A.  L.  HAAS 


FOREWORD 


This  report  was  initiated  as  the  result  of  an  analog  simulation  of 
the  lateral-directional  equations  of  motion  of  the  3-5$  aircraft  and  associated 
inner-loop  controllers. 

The  study  was  undertaken  at  the  request  of  the  Systems  Engineering 
Group  (SBG)  which  was  desirous  of  additional  information  for  increased 
confidence  in  their  program  to  provide  a  redundant  lateral -directional  stability 
augmentation  system  for  the  B-58. 

The  simulation  program  was  accomplished  through  the  joint  efforts  of 
SEG,  Mr.  Andes  and  Mr.  Taylor  and  AFFDL,  Mr.  Haas.  The  program  was  conducted 
in  the  Control  Techniques  Simulation  Facility  (FDCL)  during  March  and  April 
1965. 


Conclusions  and  recommendations  were  agreed  upon  by  both  SEG  and  AFFDL. 
Results  have  been  utilized  by  SEG  in  the  Redundant  Yaw  Damper  Program. 

Information  in  this  report  is  embargoed  under  the  Department  of  State 
International  Traffic  in  Arms  Regulations.  This  report  may  be  released  to 
foreign  governments  by  departments  or  agencies  of  the  U.  S.  Government 
subject  to  approval  of  (controlling  AFSC  activity),  or  higher  authority  with¬ 
in  the  Department  of  the  Air  Force.  Private  individuals  or  firms  require  a 
Department  of  State  export  license. 

This  technical  report  has  been  reviewed  and  is  approved. 


H.  ¥.  BASHAM 

Chief,  Control  El ament a  Branch 
Flight  Control  Division 
AF  Flight  Dynamics  Laboratory 


ABSTRACT 


Operational  problems  encountered  with  the  B-58  aircraft  led  the 
Air  Force  to  direct  the  prime  contractor.  General  Dynamics,  to  redesign 
the  lateral-directional  augmentation  system  incorporating  a  limit  cycle 
adaptive  syntem  in  the  yaw  axis. 

This  work  is  part  of  a  combined  AFFDL/SEG  in-house  study  to  review 
the  contractor '  s  recommendations  and  conclusions  concerning  the  B-58 
Redundant  lav  Damper  Program.  Two  stability  augmentation  systems,  one 
fixed  gain,  the  other  limit  cycle  adaptive,  were  evaluated  on  a  three 
degree-of-freedom  lateral-directional  simulation  of  the  B-58  aircraft. 
The  aquations  of  motion  were  based  on  small  perturbation  assumptions. 

A  "cockpit"  from  which  pilots  could  "fly41  the  aircraft  was  included. 
Simulation  results  generally  were  in  agreement  with  information  provided 
by  the  contractor.  Presentation  of  data  is  essentially  limited  to 
coverage  of  topics  not  discussed  in  other  reporting. 

Low  speed  oontrollahl  li  ty  with  either  augmentation  system  is 
not  considered  satisfactory. 

Structural  modes  are  not  adequately  defined  and  interaction  with 
controller  modes  oouid  not  be  evaluated. 

There  exists  enough  doubt  about  the  adequacy  of  both  the  adaptive 
and  the  pure  fixed  gain  approaches  to  question  the  worth  of  either 
type  aa  designed. 
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AXES  AND  RELATED  ANGLES 


INTRODUCTION 


This  report  is  a  aunmary  of  a  lateral-directional  simulation  study 
of  tbs  B-58  aircraft.  Tbs  effort  was  undertaken  in  order  to  provide 
SEG  with  technical  data  for  e  valuation  of  proposed  yaw  augmentation 
system  changes  in  the  B-58. 

Numerous  inddents/aeoidents  incurred  in  operational  usage  of  the 
B-58  were  considered  the  fault  of  poor  reliability  in  the  lateral- 
directional  stability  augmentation  system  (Reference  1) .  As  a  result 
of  this,  the  Air  Force  directed  G jna-al  Dynamics  to  design  and  incorporate 
a  new  system,  the  basic  philosophy  being  to  significantly  increase 
reliability  while  maintaining  or  improving  existing  handling  qualities. 

The  pertinent  details  of  the  system  specification  are  listed  below. 


YAM  STABILITY  AUGMENTATION  SPECIF!  CATION 
Performance  Requirements  (Flying  Qualities) 

The  modified  yaw  stability  augmentation  (S/A)  system  shall  meet 
tbs  requirements  of  MIL-F-8735  as  amended  by  this  specification.  In 
case  of  conflict,  the  requirements  of  this  specification  shall  apply. 


MIL-F-8735  as  amended  by  this  specification  shall  apply  throughout 
the  design  operational  envelope  (Mach  Number  and  Altitude)  including 
all  operational  gpnfi gnrgM nna.  center  of  gravity  positions,  and 
aircraft  weights  within  structural  and  maneuverability  limits. 


General:  All  requirements  shall  ba  met  with  the  pilot  out  of  the 
loop  and  with  tho  pilot  in  the  loop  controlling  in  bis  normal  manner. 
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(e.g. ,  during  and  subsequent  to  an  engine  failure,  the  pilot  normally 
will  attempt  to  bold  a  wings-level  attitude  by  use  of  aileron  stick 
inputs  only)* 

Lateral  Darning 

Acceptable  damping  of  the  lateral-dire otlonal  oaojllationa  and 
acceptable  values  of  the  fS/7e  rolling  parameters  are  indicated  in 
Figure  1  of  MIL-F-8785  except  as  modified  below.  Residual  undamped 
oscillations  may  be  tolerated  only  if  the  amplitude  is  no  greater 
than  0.2  degree  peak-to-peak  sideslip.  Dampers  on  configuration  shall 
meet  bombing  and  firing  requirements. 

Dutch  Roll  Natural  Frequency 

Acceptable  values  of  the  dutch  roll  natural  frequency  (u»d)  are 
given  by  1  <  UJq  <  6  rad/sec. 

foiling  CwftMHr 

(Exception  to  MIL-F-8785)  It  shall  be  possible  to  roll  to  and 
stabilize  at  60  degrees  of  bank  angle  in  three  seconds  or  less. 

Lateral  Frequency  Ratio 

The  ratio  of  the  second  order  numerator  frequency  (cu^)  to  the 
dutch  roll  frequency  (u>q)  of  the  roll -rato-to -aileron  transfer 
function  shall  be  given  by  0.9 <iu  q/u)q  <  1.0  for  (  <  0.3;  and 

0.9  <  1.0  for  ^  D  >  .3.  The  ratio  0/(3  shall  not  be 

>  6.0  nor  <  1.0*  Them  ^/uip  requirement  shall  be  considered  an 
objective  for  ^  p  >  0.35.  However,  the  dutch  roll  damping  ratio, 

(  q  should  not  be  degraded  in  attempting  to  comply  with  the  W  <fj  Ul  D 
objective. 
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Xaaa  fiaBEfthattaa 

Automatic  turn  ooordlnation  sh*n  mean  the  automatic  reduction  of 
sideslip  during  banking  maneuvers.  The  automatic  turn  ooordlnation 
should  not  allov  a  «*.tH  ram  transient  sideslip  larger  than  6.5  degrees 
to  develop  during  rolls  to  60  degrees  bank  angle  with  abrupt  aileron 
input  at  1.4  V  gp^  V  is  to  be  interpreted  as  the  speed  at  which 
1  "g"  flight  is  maintained  at  17  degrees  angle  of  attack  at  the 
particular  flight  gross  weight,  center  of  gravity,  and  altitude.  At 
all  higher  speed  flight  conditions,  the  maximum  transient  lateral 
acceleration  should,  as  an  objective,  not  exceed  0.1  ngn  and  shall 
not  exceed  a  marl  mm  allowable  of  0.3  "g"  during  ma^-imum  abrupt 
aileron  input  rolls  to  60  degrees  bank  angle.  Steady  state  lateral 
acceleration  shall  not  exceed  0.03  "g". 

ERU£lBq  Ffl&uye 

After  an  outboard  engine  failure,  at  any  permissible  flight 
condition,  with  the  other  engines  developing  maximum  A/B  power  for 
that  flight  condition,  the  resulting  maximum  sideslip  must  not  exceed 
that  specified  in  Table  1. 


TABLE  1 


ALLOWABLE  SIDESLIP  FOLLOWING  SUDDEN  ENGINE  FAILURE 


Pa« 

*0.3 

0.6 

1.24 

1.6 

2.0 


%slMwa  SldsaUa  ISagsagl 

8.5 

6.5 

3.5 
3.5 


*  Or  the  speed  associated  with  1  wgn  flight  at  17  degrees  angle  of 
attack  at  the  particular  loading  condition. 


Saturation  Characteristics 


The  system  shall  exhibit  stable  tmd  unmsgnified  response  to 
disturbances  which  cause  control  sattu.-ationi  i.e.,  system  shall  be 
designed  so  that  it  will  not  be  amplitude  sensitive. 

Spiral  Mode  Tine  Constant 

The  spiral  mode  time  constant  (Ts)  may  be  divergent)  but  the 
rata  of  divergence  shall  not  be  so  great  that)  following  a  small 
disturbance  in  bank)  the  bank  angle  is  doubled  in  leas  than  20  seoonds. 

HgaTiaSM 

Correction  for  the  wing  heaviness  caused  by  transverse  fuel  shift 
to  lateral  acceleration  be  provided.  The  performance  shall 

be  considered  acceptable  if  the  lateral  acceleration  is  maintained  at 
approximately  zero  in  the  steady-state  condition.  In  any  event)  wing 
heaviness  shall  be  controlled)  at  the  verst  loading  conditions  from  a 
wing  heaviness  consideration  of  half-full  aft  fuel  tank)  such  that  not 
more  than  one  degree  of  aileron  control  will  be  required  to  maintain 
a  vings-lovel  trimmed  attitude.  This  is  to  be  accomplished  assuming 
Symmetrical  thrust  from  the  engines  and  no  rudder  command  by  the  pilot. 
As  an  objective)  this  should  be  acoosplisced  without  an  integral  of 
rudder  per  lateral  acceleration  gain. 

Qxaaa  aaOsgrijasaia 

Tt  3  pilot  shall  be  able  to  exercise  directional  control  in  order 
to  sideslip  the  aircraft  for  landing  in  a  crossvind  per  paragraph 
3*4.11.1  of  MIL-F-S785)  without  having  steady  state  yaw  daaper 
opposition  to  the  pilot's  rudder  command.  Thus,  it  will  be  necessary 
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to  provisions  for  deactivating  the  rudder-per— side-acceleration 

gain  to  accomplish  intentional  sideslips  for  crosswind  operation  and 
to  provide  yaw  rianqriwg  during  these  intentional  sideslips* 

DESIGN  REQUIREMENTS 

Ymr  Augmentation 

General:  The  yaw  S/A  design  will  be  based  on  the  following 
specific  modifications  to  the  existing  S/A  and  flight  control  provisions. 

a.  A  fixed  Mechanical  aileron-rudder  interconnect  of  1:1  with 
no  electrical  interconnect* 

b.  The  allaron-per-yaw-rate,  »  shall  be  switched  in 

automatically  upon  loss  of  yaw  S/A*  A  positive  interlock  shall  be 
provided  to  insure  that  the  b&fa  signal  is  not  fed  into  the  roll 
damper  when  the  yaw  damper  is  functioning. 

o.  A  fixed  aileron  per  roll  rate  gain  in  the  roll  S/A  function* 
Self-Adaptive  Gain  Changing 

A  self-adaptive  type  gain  changer  of  flight  proven- capability 
shall  be  used*  The  acceptable  technique  uses  a  high  gain  limit  cycle. 
Hie  adaptive  logic  shall  be  so  designed  that  response  to  gust 
disturbances,  structural  bending  effects  and  electrical  noise  inputs 
will  not  result  in  gain  changes  that  degrade  system  performance 
below  minimum  requirements  specified  herein* 

The  gain  changer  tine  response  characteristics  shall  be  stable 
and  adequate  during  normal  rapid  changes  in  aircraft  flight  conditions 
and  characteristics. 
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The  SEQ/iFFUL  la-house  simulation  effort  was  a  oomparative  evaluation 
of  the  Bendix  adaptive  system  and  the  General  Dynamic#  fixed  gain  system 
(General  Dynamics  favors  a  fixed  gain  system  even  though  the  Air  Force 
spec  requires  a  limit  cycle  adaptive  system) ,  A  detailed  description 
of  the  Bendix  system  is  presented  In  Reference  4* 

General  Dynamics  performed  a  comprehensive  simulation  study  as  part 
of  the  Redundant  law  Damper  Program.  This  In-house  evaluation  spot 
checked  the  results  of  the  General  Dynamics  evaluation  and  their 
assessment  of  problems  and  then  carried  the  effort  to  additional  areas, 
covering  items  considered  unresolved  by  AFFDL  and  SEG. 

This  report  only  documents  those  problem  areas  not  reported 
elsewhere  by  General  Dynamics  but  considered  by  the  Air  Force  to  be 
worthy  of  note.  Significant  problems  previously  reviewed  by  the 
oontraotor  include  the  sensitivity  of  the  adaptive  system  to  random 
(gust  or  pilot)  inputs  and  its  tendency  to  reduce  gain  under  this 
condition  (Bendix  study)  and  the  amplitude  sensitivity  of  both  systems 
(General  Dynamics  study) . 

No  attempt  was  made  to  evaluate  the  present  stability  augmentation 
system.  This  has  been  the  subject  of  numerous  contractor  and  Air  Force 
efforts  in  the  past  (Reference  l).  The  present  aircraft  has  been 
considered  as  having  acceptable  flying  qualities  for  augmented  mode 
of  operation  (poor  to  unacceptable  unaugmented) . 

It  should  be  emphasized  that  results  obtained  through  this  effort 
are  only  as  good  as  the  available  data  and  the  assumptions  made. 

According  to  General  Dynamics,  the  derivative  Cnft  has  somewhat 
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different  and  more  variant  values  than  those  used  In  this  Air  Force 
study.  This  would  represent  greater  variation  in  surface  effectiveness 
resulting  in  a  greater  airframe  gain  variation  than  that  encountered 
in  this  study.  Previous  oomputer  analyses  of  the  B-5@  aircraft  have 
been  based  on  small  perturbation  assumptions  including  purely  linear 
aerodynamic  characteristics.  This  study  also  attested  to  determine 
system  performance  with  nonlinear  and  Cjp  included  when  side¬ 
slip  (  P  )  is  forced  to  large  excursions.  Additionally,  a  limited 
parametric  study  was  accomplished  to  evaluate  the  performance  of  the 
two  proposed  systems  with  reasonable  variation  of  the  predicted 
linear  aerodynamic  characteristics. 

Structural  mode  data  supplied  by  the  contractor  is  not  acceptable 
for  analysis  to  determine  structural  mode  interaction  with  other  system 
modes. 

The  analysis  recently  performed  by  General  Dynamics  in  evaluating 
the  augmentation  systems  did  not  include  a  man  in  the  loop,  with  the 
exception  that  a  simulated  pilot  inputs  were  used  for  the  rolling 
pullout  maneuver  (RFO)  and  for  single  engine  failure  (SEF)  corrective 
action.  It  is  considered  that  these  inputs  were  optimized  to  obtain 
desired  performance  for  these  two  problems.  In  order  to  better 
evaluate  the  aircraft's  performance  and  whether  or  not  it  meets  spec 
requirements,  a  oookpit  was  utilised  as  part  of  this  Air  Fores  simu¬ 
lation,  and  a  number  of  runs  were  made  with  a  pilot  "flying"  the 
simulation. 


DISCUSSION 


The  approach  taken  in  this  study  van  to  evaluate  the  proposed 
yaw  augmentation  systems  through  a  threo-degree-of- freedom  lateral- 
directional  analog  computer  simulation  of  the  B-5#  aircraft.  An 
existing  General  Dynamics  analog  computer  program  was  used  as  the 
basis  for  the  simulation  which  was  set  up  at  the  Control  Techniques 
Simulation  Facility.  This  was  dona  in  order  to  insure  direct 
correlation  between  contractor  and  Air  Foroe  results  and  to  utilize 
data  provided  by  General  Dynamics  in  Reference  2.  In  general,  the 
General  Dynamics  and  the  Air  Force  simulations  can  be  considered 
Identical.  The  simulation  of  aerodynamic  characteristics  is  based 
on  small  perturbation  assumptions  and  is  considered  inadequate  for 
any  situation  where  relatively  large  amplitude  disturbances  are 
encountered  (the  equations  are  no  longer  valid  and  also,  the 
derivatives  are  nonlinear).  Simulations  of  the  control  systems  did 
include  all  nonlinearities  and  were  representative  of  the  actual 
systems.  Whenever  possible,  results  obtained  in  this  study  were 
compared  with  previous  analog  and/or  digital  simulation  results  in 
order  to  verify  the  simulation.  A  problem  frequently  encountered 
with  the  limit- cycle  type  of  adaptive  system  is  the  interaction  of 
structural  nodes  and  controller  modes.  Data  supplied  by  General 
Dynamics  and  their  analog  representation  of  this  data  are  oonsidered 
unrealistic  and  unuseable  for  analysis  of  the  structural  mode  problem. 
Analog  circuit  diagrams  of  the  GD  representation  of  structural  modes 
are  presented,  but  were  not  utilized.  The  question  of  mode  Interaction 
remains  unanswered. 


The  equations  simulated  are  listed  in  Figure  1.  Analog  circuit 
diagrams  are  presented  in  Appendix  A.  In  order  to  study  response  to 
outboard  engine  failure  (SEP) ,  a  portion  of  the  function  generation, 
the  thrust  decay  curves  (Reference  2} ,  was  mechanized  on  a  Litton 
digital  computer  rather  than  with  the  analog  representation  utilized 
by  General  Dynamics, 

Pot  settings  (see  Appendix  B)  were  determined  by  a  digital  computer 
program  (Reference  2)  which  additionally  presents  free  aircraft  transfer 
functions  for  the  selected  flight  condition. 

Review  of  data  obtained  from  a  previous  in-house  study  (not  covered 
by  this  report)  to  conqpare  the  performance  of  the  Bendix  adaptive  system 
and  a  Honeywell  adaptive  system  (equivalant  performance  for  the 
conditions  investigated)  shoved  very  large  excursions  in  sideslip  for 
the  rolling  pullout  maneuver  (RPO)  and  sudden  engine  failure  (SEF)  at 
the  low  speed  flight  conditions.  Tfa±3  led  to  generation  of  the  plot 
shown  in  Figure  2  for  use  in  this  study.  The  for  zero  slope  was 
estimated  through  review  of  B-58  and  other  high  performance  aircraft 
data  for  particular  flight  conditions. 

The  analog  representation  of  this  curve  is  shown  in  Appendix  A. 
Admittedly,  this  is  a  rough  approximation,  but  the  available  aerodynamic 
data  does  not  warrant  a  more  sophisticated  representation  of  the 
nonlinearity. 

The  sensitivity  of  the  ooatrol  system’s  performance  for  «m»11 
amplitude  disturbances  to  errors  in  predicted  aerodynamics  was 
evaluated  by  varying  the  value  (up  to  ±20%)  of  various  derivatives. 
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EQUATIONS  OF  MOTION 
FIGURE  1 


APPROXIMATION  OF  NON-LINEARI  TIES 
FIGURE  2 


Figure  3  is  a  listing  of  the  flight  conditions  checked,  and 
Figure  4  is  a  listing  of  the  tests  run  at  each  flight  condition  with 


the  coding  utilised  on  the  tins  histories. 

The  ooakpit  was  used  to  determine  trends  in  overall  controlla¬ 
bility.  Detailed  pilot  evaluation/ interpi-etation  was  not  attempted. 

A  block  diagram  of  the  adaptive  system  is  presented  in  Figure  5, 
and  Figure  6  is  the  block  diagram  for  the  fixed  gain  system. 

The  simulation  equipment  used  consisted  of  two  EAT  231R  analog 
computers  (Figure  7) ,  a  Litton  CG-320  digital  computer  (Figure  8)  with 
D  to  A  interface,  and  a  oockpit  (Figure  9)  with  rudder  pedals  and  a 
■formation  type"  control  stick.  Flight  information  was  presented  to 
the  pilot  through  an  all-attitude  indicator  and  a  sideslip  indicator 
(no  motion  or  external  visual  cues  were  provided) . 


FLIGHT  CONDITIONS  CHECKED 


Mach 

Altitude 

Gross  Weight 

gafttor  ?£ 

002 

.33 

0  ft 

150,000# 

2856 

004 

.239 

0  ft 

80,000# 

2856 

006 

.91 

0  ft 

150,000# 

2856 

008 

.91 

40,000  ft 

120,000# 

3056 

010 

1.36 

VU,UUUfr' 

Oil 

1.2 

40,000  ft 

120,000# 

33% 

013 

2.0 

44,200  ft 

120,000# 

33% 

FIGUBE  3 
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BASIC  PEBFOBMANCE  DATA 

Bun  1  -  Free  Sl/F  oheok 
Run  2A  -  All  daapers  in 
2B  -  Roll  danpar  out 
Run  31  -  RFO  (0-60°) 

3B  -  RPO  with  nonlinear 

i> 

3C  -  RFO  with  pilot  (UR  indicates  rudder  used) 

3D  -  RFC  with  pilot  and  nonlinear  CB^ 

3E  -  RFC  with  nonlinear  CQ^  and  C-j^ 

3F  -  RFO  with  pilot  and  nonlinear  Cnp  and  Cip 
Bun  4A  -  (l-oo set)  $  gust  (2°) 

Run  5A  -  Outboard  angina  out  (SSF) 

51*  -  Engine  out  with  nonlinear 
5AM  -  Engine  out  with  nonlinear  and  Cip 
Run  5B  -  Engine  out  (wings  level) 

5B*  -  Engine  out  (wings  level)  with  nonlinear 
5B"  -  Engine  out  (wings  level)  with  nonlinear  Cnp  and  C]p 
Ban  SC  -  Engine  out  with  pilot  (pxiass  as  above;  MR  Indicates  rudder  used) 
Buna  6-9  are  sensitivity  analysis 

(6  Cnr,  7  Clp,  8  Cip ,  9  Cnp  with  A+  and  B-) 

•  RUN  00  EE 

ZZZ  F  OR  H  XX 

Designates  Designates  Fixed  Gain  Denotes  Run 

Flight  Case  or  Adaptive  System 


Denotes  Run 


Exaaple:  013  F  2A  is  Flight  Case  013,  Fixed  Gain  System,  Run  2A  (all  dampers  in) 


FIGURE  4 


I 


*rioc 


FIGURE  7  ANALOG  COMPUTER 
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RESULTS 

A  summary  of  the  results  obtained  In  this  study  Is  presented  In 
Figure  10.  A  brief  review  of  each  flight  condition  is  then  presented 
Including  noteworthy  tine  histories  with  appropriate  discussion.  For 
each  flight  condition  evaluated,  free  airfrane  responses  were  cheated 


for  agreement  with  tabulated  dynamic  characteristics  provided  by 
General  Dynamics  In  Reference  2.  In  all  eases,  very  close  agreement 
exists.  For  the  low  speed  flight  conditions  where  sideslip  was  large 
for  RPO  and  SEF  ( augmented  vehicle),  the  results  are  questionable 
because  of  stall  perturbation  assumptions.  When  the  curve  In  Figure  2 
was  utilised  to  represent  nonlinear  and  C;ljj  for  these  lew  speed 
conditions  (note  that  equations  were  not  changed),  controllability  is 
a  problem,  and  the  system  can  be  driven  to  divergence.  General  Dynamics 
did  not  ooncur  with  our  representation  of  nonlinear  Cq^  and 
(Figure  2)  and  referenced  FZE-%4-020  (Reference  3) .  Review  of  this 
document  provided  no  justification  for  great  faith  in  any  curve 
because  of  insufficient  data  points.  However,  it  did  indicate  that 
for  the  low  speed  17°  a  conditions  Cnp  is  aero  at  2T°  0  and 
is  aero  at  25°  0  .  Consequently,  those  results  Including  nonlinaarlties 
letting  the  slope  of  and/or  C^  be  aero  at  15°  (for  low  speed, 
a  -  17°  conditions  only)  are  invalid.  Some  of  these  results  are 
included  to  graphically  show  trends  caused  by  the  nonlinearities.  In 
those  situations  where  only  slope  is  aero  at  20°  0  ,  results  are 
considered  valid;  but  for  both  and  Ch  ^  ,  results  are  conservative. 
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FIXED  GUN  SYSTEM  ADAPTIVE  GAIN  SYSTEM 


FIGURE  10  SUMMARY  OF  RESULTS 


ft 

PUofat  Condition  002 

Flight.  condition  002  is  oca  of  tha  two  low  speed  flight  conditions. 

Basalts  for  this  condition,  along  with  those  for  flight  condition  004, 
were  significantly  affected  when  nonlinear  and  Cpp  vara 
incorporated.  For  this  flight  condition,  the  free  alrfrasw  is  unstable. 

Response  of  tha  aircraft  with  tha  fixed  gain  system  (roll  damper  on) 
was  well  damped;  however,  low  solitude  residual  oscillation  exists. 

Tha  ARI  variation  produced  no  significant  results  as  the  response  to 
the  tP  initial  sideslip  input  was  roughly  the  same  for  the  various 
1B1  positions  selected.  For  the  fixed  gain  system,  the  response  of 
the  aircraft  to  the  2°  initial  beta  input  with  the  roll  aaaper  out  is 
poor.  The  airplane  is  lightly  damped  (dose  to  neutrally  stable). 

For  the  adaptive  system,  the  response  to  a  2°  beta  initial  input 
(all  dampers  on)  is  satisfactory;  however,  again  the  small  residual 
oscillations  were  noted.  For  the  case  of  the  roll  damper  out,  the 
aircraft  is  very  lightly  damped.  For  the , rolling-pullout  maneuver 
with  the  fixed  gain  system  and  with  the  simulated  pilot,  the  responses 
were  not  satisfactory.  Including  the  nonlinearities  with  the  slopes 
going  to  aero  at  20°  0  produced  an  uaflyable  situation  as  the  aircraft 
was  not  controllable  with  the  pilot.  Utilising  the  cockpit 

I 

with  an  actual  pilot,  the  aircraft  was  only  controllable  with  large  1 

I 

application  of  rudder.  Bolling  velocity  reversal  did  occur,  and  it  ; 

was  impossible  to  precisely  control  the  aircraft  rolling  from  +30° 

i 

to  -30°.  Pilots  generally  were  not  able  to  precisely  roll  to  a  given 
roll  attitude  or  to  roll  out  on  a  desired  heading.  Varying  the  MI 
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I 
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for  the  rolling-pullout  maneuver,  again  produced  no  significant  changes. 
She  2°  0  gusts  were  also  applied  to  both  the  fixed  and  the  adaptive 
gain  systems  without  any  significant  results  being  recorded.  For  this 
flight  condition  under  the  engine  out  teat,  the  aircraft  rolls  (with 
either  system)  over  rapidly  with  no  wings  level  control.  For  the  fixed 
gain  system  with  the  wings  level,  circuit  results  were  acceptable.  With 
the  fixed  gain,  nonlinear  ,  and  the  wings  level  circuit  in,  the 
aircraft  rolls  over.  Lateral  acceleration,  tailload,  and  sideslip  are 
excessive. 

With  the  wings  level,  fixed  gain,  nonlinear  and  ,  the 
aircraft  again  rolls  over.  The  ARI  was  changed  (.3,  .5,  .7),  but  it 
produced  little  differences  in  the  traces.  For  the  adaptive  system, 
engine  out  with  wings  level  circuit  in  and  no  nonlinearities,  the 
aircraft  recovers  quickly.  However,  with  the  wings  level  circuit  in, 
engine  out  and  nonlinear  ,  the  aircraft  slowly  rolls  over.  Sideslip 
was  held  to  16°.  With  the  nonlinear  and  ,  the  wings  level 
circuit  in  the  aircraft  rolls  out  of  control.  With  the  fixed  gain  for 
ehgine  out  flown  from  the  cockpit,  the  aircraft  was  quite  controllable 
with  no  nonl  i  marl  ties  in  the  circuit;  however,  rudder  was  used.  With 
the  nonlinear  Gnp  ,  the  pilot  was  again  able  to  control  the  aircraft 
utilizing  rudder.  The  same  performance  held  true  for  nonlinear  0nn 

up 

and  •  Generally,  the  aircraft  was  controllable  for  this  condition. 
The  adaptive  system  appeared  easier  to  fly  than  the  fixed  gain  system. 

The  simulated  pilot  (wings  level)  significantly  degrades  performance. 
Variation  in  derivatives  for  this  flight  case  did  not  produce 
significant  results. 
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JIGUBE  14  BPO  WITH  PILOT  (SLOPES  =  0  at  £  =  20°) 
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This  flight  condition  Is  one  of  the  two  for  which  General  Dynamics’ 
time  histories  were  available.  Generally,  the  responses  obtained  In 
this  study  Batched  those  provided  by  the  contractor. 

At  this  flight  condition,  the  free  airframe  is  unstable.  With 
both  roll  and  yaw  augmentation  operating,  the  fixed  and  the  adaptive 
gain  systems  exhibited  acceptable  response  to  a  two-degree  initial 
sideslip  input.  With  roll  damper  out,  both  configurations  were  lightly 
damped. 

The  roll  lag-pullout  (RPQ)  maneuver,  as  performed  by  the  simulated 
pilot,  matched  the  contractor's  time  histories  for  both  the  fixed  gain 
and  adaptive  gain  systems.  The  sideslip  obtained  during  the  BFO  was 
roughly  15°  (without  aerodynamic  nonlinearities).  With  nonlinearities 
introduced,  the  results  were  considerably  different.  For  the  fixed 
gain  system  with  going  to  0  at  15°  {}  and  also  at  20°  p  ,  the  system. 
Is  stable;  however,  excessive  rolling  velocity  reversal  occurs  and 
considerable  difficulty  exists  in  rolling  from  0  to  60°.  In  general, 
performance  of  the  EFO  maneuver  la  poor.  In  attempting  to  fly  from 
the  cockpit  with  the  seme  nonlinearities,  it  was  not  possible  to 
precisely  control  the  aircraft  In  a  roll  from  20°  to  -20°.  The  aaae 


were  set  up  to  be  nonlinear,  the  results  were  worse. 


The  aircraft 


was  very  difficult  to  control  for  all  attempts  to  fly  from,  the  cockpit. 


Preliminary  runs  were  made  with  roll  oontrol  only;  and  after  the  first 
sequence  of  runs,  the  pilot  also  utilised  the  rudder  pedals.  Well 
coordinated  rudder  Inputs  provided  significant  improvement  in 


control] ihU ity.  Sldeellp  mi  bald  to  lover  amplitudes;  and  oonsequeatly, 
the  aircraft  did  not  go  out  of  oostrol  as  quickly.  A  2°p  gust  input 
vas  Introduced  to  the  system,  and  tbs  results  were  insignificant;  but 
for  a  15°  p  gust  (nonlinear  C^p  ) ,  the  system  diverged.  The  fixed  gain 
and  the  adaptive  gain  systems  exhibited  equivalent  responses  to  the 
gust.  For  tha  fixed  gain  system,  simulated  pilot  in  the  loop,  (wings 
level  circuit)  rolling  end  aidaalip  were  not  severe  for  engine  failure. 
Engine  failure  vas  also  checked  with  nonlinear  and  C-j^  .  The 
aircraft  la  unflyable  with  wall  near!  tiea  included.  For  the  engine 
out  test,  there  was  little  differenos  in  performance  between  the  fixed 
gain  and  the  adaptive  gala  systems.  Without  either  nonlinearity  and 
a  pilot  "flying"  from  the  oookplt,  rudder  pedal  Input  was  required  to 
prevent  divergence.  With  nonlinear  and  ,  the  aircraft  was 
unflyable,  the  oontrolling  factor  being  the  axoesaivs  sideslip  which 
exceeded  20°  in  3  £•  seconds.  With  the  fixed  gain  system  and  nonlinear 
Cnp  ,  the  aircraft  was  flyablfe  if  rudder  pedal  was  applied.  The 
rudder  damper  saturated  at  20°  for  pilot  oontrolling  wings  level  only 
and  the  aircraft  diverged.  Results  for  the  adaptive  system  were 
comparable  |  again  sideslip  and  pilot  rudder  input  being  the  dominating 
characteristics,  A  sensitivity  analysis  was  conduct  ad  by  varying  G^., 

Clp  ,  C^p  ,  and  0^^  .  (Accomplished  by  the  potentiometer 

settings.)  There  did  cot  appear  to  be  any  appreciable  difference  in 
the  system  response  to  small  initial  $  inputs. 
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The  free  airframe  responses  agreed  with  the  data  found  in  the 
General  Dynamics  data  requirements  document  (Reference  l)  used  as 
reference  for  verify ^ation  of  system  performances  throughout  this 
simulation.  For  the  unsped  airframe,  fixed  gain  system,  all  dampers 
on,  responses  are  satisfactory.  Variation  of  the  Aileron  Rudder 
Interconnect  (ARI)  did  not  appear  to  change  the  damped  airframe 
traces.  On  this  flight  case,  the  roll  damper  out  trace  appears  to 
be  l  vfclsfaetory  ..  .  the  fixed  gain  system,  and  the  ARI  vas  again 
changed  to  .3,  .5,  and  .7  with  no  appreciable  different  .indicated 
in  the  traces.  The  RFO  maneuver  was  successfully  accomplished  with 
the  fixed  gain  system.  For  t^3  RPO  maneuver  with  the  actual  pilot 
in  the  loop,  there  was  no  significant  sideslip.  For  the  0  to  60° 

RFO  maneuver  with  the  adaptive  system,  the  response  looked  quite 
good.  With  the  pilot  "flying"  from  the  cockpit,  no  problems  were 
encountered. 

For  thi  flight  case  with  the  fixed  gain,  the  engine  out  responses 
were  run  fox'  the  aircraft,  ARI  set  at  .3,  .5,  and  .7.  These  changes 
were  made;  .ithout  significantly  altering  the  basic  trace  for  the 
ARI  =  x.05  which  was  satisfactory* 

With  tvie  engine  failure  and  the  adaptive  system,  the  aircraft 
>olIs  ever  quite  rapidly  without  the  wings  level  circuit. 

With  the  wings  level,  circuit  in,  the  system  appears  to  be  lightly 
damped  with  residual  oscillations. 


Flight  Condition  008 

The  free  airframe  is  very  lightly  damped.  The  damped  airframe  with 
the  fixed  gain  system  was  satisfactory.  Variation  of  the  ARI  apparently 
had  no  effect  with  respect  to  the  aircraft  response  for  a  2°  initial  J3 
input*  The  aircraft  response  with  the  roll  damper  out  was  only 
moderately  damped  although  satisfactory.  The  response  to  a  2°  initial 
sideslip  input  for  the  adaptive  system,  roll  damper  on,  looks  slightly 
better  than  the  fixed  gain  response.  Again  the  ARI  variation  had  no 
effect.  The  rolling-pullout  maneuver  for  the  fixed  gain  system  looks 
good;  responses  were  satisfactory  with  regards  to  spec  requirements. 
Again  in  this  condition,  the  roll  damper  authority  was  inadvertently 
limited  to  slightly  less  than  3°1  however,  the  data  obtained  with  the 
dampers  on  is  still  considered  valid.  "Flying"  the  rolling-pullout 
maneuver  from  the  cockpit  was  relatively  easy  in  this  flight  condition, 
although  as  in  the  other  oases,  it  was  somewhat  touchy  and  dependent 
upon  the  pilot  applied  rudder.  For  both  the  fixed  gain  and  the 
adaptive  gain  system,  the  response  of  the  aircraft  to  low  amplitude 
ghat  inputs  was  acceptable.  In  the  engine  out  tests,  both  systems 
performed  satisfactorily.  The  airplane  was  quite  flyable  from  the 
oookpit.  There  was  no  saturation  in  the  yaw  channel.  The  engine  out 
oases  were  run  with  ARI  variations,  and  again  no  noticeable  effect 
was  found.  The  parameter  variation  study  produced  no  noticeable 
effect a  (the  derivatives  were  varied  +20$  in  this  case). 


FIGURE  22  INITIAL  SICBSLIP 
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iTGORJE  23  VARIATION  OS'  USUVATIVES 
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T he  free  airframe  ia  heavily  damped,  and  the  period  and  the 
transient  peek  ratio  agrees  with  the  printed  digital  data  received 
from  General  Dynamics.  For  fixed  gain,  (damped  airfraae)  the  p  initial 
condition  responses  are  heavily  danced.  Changing  the  mechanical 
aileron  rudder  interconnect  to  .7,  .5,  sm  .3  did  not  appear  to  have 
any  major  effect  on  the  damped  airfraae  as  the  traces  reaalned  about 
the  same*  For  the  fixed  gain  yaw  daaqper  with  the  roll  deeper  out, 
traces  are  satisfactory.  Changing  the  rudder-aileron  interconnect 
again  did  not  cause  any  significant  change  in  response.  The  adaptive 
system  with  roll  danper  in  and  also  with  roll  daiaper  out  performed 
satisfactorily,  giving  well  damped  responses.  No  ill  changes  were 
recorded  for  the  adaptive  system.  For  the  HPQ  maneuvers  with  the 
simulated  pilot  in  the  loop,  the  traces  are  satisfactory.  The  roll 
attitude  holds  at  60°  Indicating  no  spiral  divergence.  Sideslip, 
tailload,  and  lateral  acceleration  are  sirall  for  this  flight  condition. 
For  the  fixed  gain  system,  pilot  in  the  cockpit,  and  tha  nonlinear 
and  nonlinear  0^  ,  the  system  exhibited  good  flying  characterlatlos. 
For  the  KFO  maneuver  with  the  adaptive  system,  the  traces  are 
satisfactory.  Tha  nonlinear!  ties  did  not  have  any  effect.  Pilot 
in  the  loop  characte’-iatios  vara  satisfactory.  Sideslip,  tailload, 
and  lateral  acceleration  were  small  (  {S  did  not  attain  sufficient 
amplitude  to  enter  the  nonlinear  approximation). 

No  single  engine  failures  were  run  for  this  flight  condition* 

In  general,  a  pronounced  tendency  for  ringing  was  noted  at  this 
flight  condition. 
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FIGURE  26  INITIAL  SIDESLIP 


42 


The  frae  airframe  is  lightly  damped.  Response  of  the  airframe, 
with  either  the  fixed  gain  or  the  adaptive  gain  system,  roll  and  yaw 


augmentation  on,  looks  quite  good.  The  airplane  has  a  tendency  to 
roll  off,  indicating  spiral  divergence.  The  oases  for  the  roll 
damper  out  appeal*  to  he  well  damped.  Variation  of  the  mechanical 
aileron-rudder  interconnect  had  negligible  effect  xor  the  2°  0  initial 
condition.  For  both  th<*  fixed  gain  and  the  adaptive  aye  terns,  the 
rolling  and  pullout  maneuvers  were  satisfactory  (sideslip  amplitude 
was  small).  For  this  flight  condition,  the  roll  damper  limits 
drifted  to  approximately  2,5°  which  is  leas  than  the  actual  3°  damper 
authority.  While  performing  the  rolling-pullout  maneuver  from  the 
cockpit,  it  was  noted  that  the  airplane  was  sensitive  to  oontrol 
Inputs,  tending  to  cause  over-control.  The  system  was  stable  in  the 
maneuver,  and  the  sideslip  asplltudes  were  reasonably  low.  Utilization 
of  the  rudder  pedals  significantly  improved  the  performance.  The  low 
amplitude  gust  input  to  the  simulation  was  handled  satisfactorily  by 
both  systems.  The  aircraft  responses  tc  engine  failure  for  both  the 
fixed  gain  and  the  adaptive  systems  were  satisfactory.  Tailloads, 
lateral  acceleration,  and  sideslip  were  acceptable.  There  was  no 
problem  in  aontxoUlng  the  aircraft  when  "flying*  the  simulation 
through  the  cockpit.  Generally,  no  significant  effect  was  noted  for 
the  variation  of  stability  derivatives  with  small  ugxLltude  disturbance 
inputs. 
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This  is  the  second  case  for  which  we  had  General  Dynamics  tine 
histories  to  compare  with  ours.  Complete  agreement  was  obtained.  For 
this  flight  condition,  the  free  airframe  is  Moderately  damped.  With 
the  fixed  gain  yaw  augmentation,  roll  damper  in,  the  response  to  a  2° 
initial  0  is  veil  damped.  This  is  also  true  with  the  roll  danger  out. 

For  the  fixed  gain  RPO  maneuvers,  the  system  performed  quite 
well;  the  pilots  (human  and  computer)  had  no  trouble  accomplishing 
the  0°  -  60°  roll  maneuver  and  holding.  Tailload,  sideslip,  and  lateral 
acceleration  were  small.  The  2°  0  gust  was  used  to  disturb  the  system, 
but  the  results  were  insignificant.  With  the  fixed  gain  system  for 
the  engine  out  run  with  no  pilot,  the  air  or  oft  rolled  over  quite 
rapidly.  With  the  simulated  pilot  in  the  loop  (wings  level  circuit), 
response  to  the  engine  failure  is  acceptable  with  slight  0,  0, 

Tj,,  and  Ay.  It  is  significant  to  note  that  large  (over  15°)  yaw 
damper  inputs  were  required  to  oompermatq  for  engine  failure. 

In  general,  the  adaptive  system  demonstrated  similar  performance. 


Flight  Condition .013 


Tide  is  the  second  case  for  which  we  had  General  Dynamics  time 
histories  to  compare  with  ours*  Complete  agreement  was  obtained.  For 
this  flight  condition,  the  free  airframe  ia  moderately  damped.  With 
the  fixed  gain  yaw  augmentation,  roll  damper  in,  the  response  to-  a  2° 
Initial  0  Is  veil  damped.  This  is  also  true  with  the  roll  damper  out. 

For  the  fixed  gain  RPO  maneuvers,  the  system  performed  quite 
well;  the  pilots  (human  and  computer)  had  no  trouble  accomplishing 
the  0°  -  60°  roll  maneuver  and  holding.  Tailload,  sideslip,  and  lateral 
acceleration  were  small.  The  2°  0  gust  was  used  to  disturb  the  system, 
but  the  results  were  insignificant.  With  the  fixed  gain  system  for 
the  engine  o'.'t  ra  with  no  pilot,  the  aircraft  rolled  over  quite 
rapidly.  With  the  simulated  pilot  in  the  loop  (wings  level  circuit), 
response  to  the  engine  failure  is  acceptable  with  slight  0,  0  , 

T^,  and  Ay.  It  is  significant  to  note  that  large  (over  15°)  yaw 
damper  inputs  were  required  to  compensate  for  engine  failure. 

In  general,  the  adaptive  system  demonstrated  similar  performance. 


CONCLUSIONS 


Air  Force  and  contractor  slviulation  studies  to  date  (including 
this  study)  have  not  been  adequate  for  accurate  flight  safety 
determination  and  handling  qualities  evaluations  of  the  B-58  aircraft. 

Use  of  GD  specified  transfer  functions  for  simulating  the  pilot 
in  specific  maneuvers  and  emergency  recovery  tasks  in  varying  flight 
conditions  is  invalid.  Assumptions  of  small  disturbances  and  liuneu- 
aerodynamico  ore  not  appropriate  for  we  B-58. 

For  the  problems  encountered  with  the  B-58,  a  sophisticated 
motion  simulator  with  appropriate  external  visual  cues  is  ccnridered 
un  essential  piece  of  equipment  for  obtaining  a  very  high  degree  of 
confidence  in  ground  based  simulation  results. 

Neither  of  the  evaluated  control  systems  is  acceptable  as 
mechanized.  Both  systems  exhibit  amplitude  sensitivity  (General 
Dynamics  study).  The  adaptive  system  gain  drives  down  for  random 
input  signals  (Bendix  study).  Predicted  aerodynamic  characteristics 
are  still  undergoing  change  which  leaves  the  adequacy  of  the  fixed 
gain  system  in  doubt.  Both  systems  exhibit  undesirable  characteristics 
for  low  speed,  high  angle  of  attack  flight  when  subjected  to  large 
disturbance  inputs  (large  aileron  deflection,  sudden  engine  failure 
and  large  amplitude  gust  disturbances),  unsatisfactory  definition  of 
structural  modes  leaves  the  question  of  the  adaptive  system  interaction 
with  these  modes  unanswered. 

The  low  dutch  roll  H«iyi  ng  demonstrated  by  both  systfrau?  at  flight 
condition  002  whan  the  roll  damper  was  out  is  not  considered  Lrur*  fail 
operational  performance  for  single  failure. 
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It  is  suggested  that  the  poor  lou-epeed  characteristics  are  also 
exhibited  by  the  present  aircraft  configuration  and  are  the  underlying 
cause  of  the  sometimes  encountered  "stick  lock  problem". 


RECOMMENDATIONS 


It  1  i  recommended  that  the  following  actions  be  taken  by  the 
organization  referred  to. 

SEG  should  undertake  a  comprehensive  review  of  the  Redundant  Yaw 
Damper  Program.  This  review  should  include  (1)  a  study  of  the 
requirement  specifying  a  limit  cycle  system,  (2)  a  comprehensive 
simulation  effort  by  General  Dynamics  incorporating  aerodynamic 
nonlinearities  including  a  cockpit  with  three  degree  of  freedom  motion 
and  visual  cues,  and  (3)  a  program  to  correct  known  deficiencies  in 
the  control  systems. 

SEG  should  proceed  with  the  flight  test  program  for  the  redundant 
damper  system  (with  desired  system  modifications) .  As  part  of  this 
program,  the  rlxad  gain  system  should  to  sraluatwd  la  ptu-allwl  vnui 
the  adaptive  system  (this  can  be  done  by  driving  the  adaptive  gain 
to  the  required  fixed  level).  Results  of  the  flight  test  program 
should  be  reviewed  with  caution,  keeping  in  mind  the  test  pilot  is  in 
an  idealized  environment  with  reference  to  the  operational  pilot.  Flight 
test  results  should  also  be  correlated  with  results  of  the  above 
mentioned  simulation  program.  Any  discrepancies  should  be  completely 
resolved  before  the  system  Is  approved  for  retrofit. 

SEG  should  look  into  a  controller  incorpo reting  multiple  (two  or 
three)  fixed  gains/ compensators  with  simple  switching  as  a  back-up 
system  in  the  event  neither  the  adaptive  or  the  fixed  gain  system  is 
adequate. 

AFFQL  should  increase  research  efforts  in  the  area  of  analysis 
and  synthesis  of  multiple  input  systems.  This  should  include  application 


of  advanced  control  techniques  to  lateral-directional  conti-ol.  The 
existing  heavy  e aphasia  on  longitudinal  control  should  be  removed. 

In  addition  to  seeking  the  universal  controller,  AFFDL  should 
spend  equal  effort  on  application  of  advanced  techniques  to  specific 
control  problems  and  should  emphasize  the  limitations  and  nonuaiversiillty 
of  proposed  control  techniques.  This  should  include  exposure  of  any 
lack  of  knowledge  regarding  a  system  and/or  any  intended  application, 
AEFDI,  should'  provide  updated  stability  and  control  and  flight 
control  system  specifications  or  drop  the  standardized  approach  to 
these  specs. 

Contractors  in  general  should  cease  the  present  practice  of 
extrema  optimism  concerning  aerodynamic  stability  and  control 
characteristics.  A  practically  realizable  aerodynand.es/fllght  control 
package  should  be  sought  from  proposal  stage  through  operational  use. 
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